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(57) A process for hydroprocessing a hydrocarbon 
feedstock, includes the steps of providing a hydrocar- 
bon feed having an initial characteristic; providing a first 
hydrogen-containing gas; feeding the hydrocarbon feed 
and the first hydrogen-containing gas cocurrently to a 
first hydroprocessing zone so as to provide a first hydro- 
carbon product: providing a plurality of additional hydro- 
processing zones including a final zone and an up- 
stream zone; feeding the first hydrocarbon product co- 



currently with a recycled gas to the upstream zone so 
as to provide an intermediate hydrocarbon product: and 
feeding the intermediate hydrocarbon product cocur- 
rently with a second hydrogen-containing gas to the final 
zone so as to provide a final hydrocarbon product having 
a final characteristic which is improved as compared to 
the initial characteristic. 
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Description 

[0001] The invention relates to a deep hydroprocessing process and, more particularly, to a process for advanta- 
geously removing substantial amounts of contaminant such as sulfur from hydrocarbon feedstocks. 
[0002] A persistent problem in the art of petroleum refining is to reach acceptably low levels of sulfur content and 
other contaminants. 

[0003] A large portion of the world's hydrocarbon reserves contain sulfur, and removal of this sulfur is critical in order 
to provide acceptable fuels. 

[0004] Government agencies are currently formulating new regulations which will require sulfur content in fuels to 
be substantially lower than current practice. It is expected that such regulations will require sulfur content of less than 
15 wppm. 

[0005] A number of processes have been attempted for use in removing sulfur, one of which is hydrodesulfurization, 
wherein a hydrogen flow is exposed to the feedstock in the presence of a suitable catalyst so that sulfur compounds 
react to produce a volatile product, hydrogen sulfide. 

[0006] Such processes do provide substantial reduction in su If ur in the feed. However, existing facilities do not readily 
provide for reduction of sulfur content to desired levels. Known hydrodesulfurization methods include cocurrent proc- 
esses, wherein hydrogen and hydrocarbon feed are fed through a reactor or zone in the same direction, and counter- 
current processes wherein hydrocarbon is fed in one direction and gas is fed in the other direction. 
[0007] Known cocurrent processes do not provide acceptable levels of sulfur removal, and countercurrent processes 
typically experience difficulty in reactor flooding which occurs when the desired amount of gas flow to the reactor 
prevents flow of the hydrocarbon in the counter direction. Reduction of gas flow to address flooding reduces the effec- 
tiveness of countercurrent hydrodesulfurization processes. 

[0008] Another potential problem with countercurrent processes is that adiabatic countercurrent processes may op- 
erate at temperatures much higher than adiabatic cocurrent processes, and this temperature is detrimental to hydrodes- 
ulfurization and other catalysts used in the process. 

[0009] Based upon the foregoing, it is clear that the need remains for an advantageous process for removal of sulfur 
to levels which will meet the expected regulations on hydrocarbons for use as fuel. 

[0010] It is therefore the primary object of the present invention to provide a process whereby sulfur content is ad- 
vantageously reduced to less than or equal to about 10 wppm. 

[001 1 ] It is a further object of the present invention to provide a process which can be carried out without substantially 
increasing the equipment size and space occupied by same in current hydrodesulfurization systems. 
[001 2] It is still another object of the present invention to provide a hydrodesulfurization system which accomplishes 
the aforesaid objectives. 

[0013] The problems are solved by the teaching according to the independent claims. Particular developments are 
given in the dependent claims. Within the frame of the invention are all combinations of at least two of the descriptive 
elements and technical features disclosed in the claims and/or in the description. 

[0014] In accordance with the present invention, the foregoing objects and advantages have been readily attained. 
[0015] In accordance with the invention, a process for removing sulfur from a hydrocarbon feedstock is provided, 
which process comprises the steps of providing a hydrocarbon feed having an initial characteristic; providing a first 
hydrogen containing gas; feeding said hydrocarbon feed and said first hydrogen gas cocurrently to a first hydroprocess- 
ing zone so as to provide a first hydrocarbon product; providing a plurality of additional hydroprocessing zones including 
a final zone and an upstream zone; feeding said first hydrocarbon product cocurrently with a recycled gas to said 
upstream zone so as to provide an intermediate hydrocarbon product; and feeding said intermediate hydrocarbon 
product cocurrently with a second hydrogen-containing gas to said final zone so as to provide a final hydrocarbon 
product having a final characteristic which is improved as compared to said initial characteristic. 
[0016] Still further according to the invention, a system is provided for removing sulfur from a hydrocarbon feed, 
which system comprises a firsl hydroprocessing zone containing a hydroprocessing catalyst and having an inlet for 
cocurrently receiving a hydrocarbon feed and a first hydrogen-containing gas phase; a plurality of additional hydro- 
processing zones each containing a hydroprocessing catalyst and including a final zone and an upstream zone, said 
upstream zone having an inlet for cocurrently receiving a hydrocarbon product from said first hydroprocessing zone 
and a recycled hydrogen-containing gas phase, said final zone having an inlet for cocurrently receiving a hydrocarbon 
product from said upstream hydroprocessing zone cocurrently with a second hydrogen-containing gas phase; and a 
separator for receiving a product from said final hydroprocessing zone and for separating said product into a hydro- 
carbon phase and said recycled hydrogen-containing gas phase. 

[0017] The process and system of the present invention are particularly well suited for use in treating Diesel, gasoil 
and other distillate feedstocks to reduce sulfur and also for use in treating naphtha and like feedstocks as well. 
[0018] Further advantages, characteristics and details of the invention are apparent from the following detailed de- 
scription of preferred embodiments of the invention with reference to the attached drawing schematically illustrates a 
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multi-stage process in accordance with the present invention, wherein: 

Figures 1 schematically illustrates a process and system in accordance with the present invention; 
Figure 2 schematically illustrates an alternative embodiment of the process and system in accordance with the 
5 present invention; 

Figure 3 illustrates the temperature of a process as a function of reactor length for cocurrent and countercurrent 
processes, as well as the process of the present invention; 

Figure 4 illustrates the relationship of sulfur content and. relative reactor volume for a process according to the 
present invention and a globally countercurrent process; 
10 Figure 5 illustrates sulfur content as a function of relative reactor volume for processes according to the present 

invention with and without cold separator recycling; 

Figure 6 illustrates the relationship between outlet sulfur content and relative reactor volume for a process accord- 
ing to the present invention, a.pure cocurrent process, and a two-reactor inter-stage stripping process; 
Figure 7 illustrates the relationship between outlet sulfur content and relative reactorvolume for a process accord- 
's ing to the present invention and for a process having different ratio of hydrogen distribution; 

Figure 8 illustrates the relationship between outlet sulfur content and relative reactorvolume for a process accord- 
ing to the present invention and for a process having an inverse distribution of catalyst between first and second 
stages; 

Figure 9 illustrates the relationship between dimensionless reactor length and hydrogen partial pressure for a 
20 process according to the present invention and a pure cocurrent process; 

Figure 10 illustrates the relationship between dimensionless reactor length and reactor temperature for a process 
according to the present invention as well as pure cocurrent and pure countercurrent processes; and 
Figure 11 illustrates the relationship between outlet sulfur content and relative reactor volume for a process ac- 
cording to the present invention as well as a pure cocurrent and pure countercurrent process. 

25 

. [0019] In accordance with the present invention, a hydroprocessing process and system are provided for removal 
of contaminants, especially sulfur from a hydrocarbon feed such as Diesel, gasoil, naphtha and the like. A particularly 
advantageous aspect of the present invention is hydrodesulfurization, and the following detailed description is given 
as to a hydrodesulfurization process. 

30 [0020] The process and system of the present invention advantageously allow for reduction of sulfur content to less 
than or equal to about 10 wppm, which is expected to satisfy regulations currently proposed by various Government 
agencies, without requiring substantial expense for new equipment, additional reactors, and the like. 
[0021 ] In accordance with the present invention, a process is provided which combines a single cocurrently operated 
hydrodesulfurization reactor with a second stage including a plurality of hydrodesulfurization reactors to obtain a desired 

35 result. As will be further discussed below, the second stage includes a plurality of additional hydrodesulfurization re- 
actors or zones and is operated in a globally countercurrent, yet locally cocurrent : mode. This means that when con- 
sidered on the basis of the reactors overall, the hydrocarbon and hydrogen-containing gas are fed in opposite directions. 
However, each reactor or zone is coupled so as to flow the hydrocarbon and hydrogen-containing gas in a cocurrent 
direction within that reactor, thereby providing the benefits of globally countercurrent flow, while avoiding the flooding 

*o problems which might be experienced with local countercurrent flow through a reactor or zone. 

[0022] The reactors within the second stage are arranged such that the hydrocarbon feedstock travels from a first 
reactor to a last or final reactor and the hydrogen gas phase travels from the last reactor to the first reactor. In the 
following detailed description, the group of reactors that are utilized in the second zone are referred to as including a 
final reactor, from which the finally treated hydrocarbon exits, and upstream reactors which are upstream of the final 

^5 reactor when taken in connection with the flow of hydrocarbon. Thus, in Figure 1 , reactor 28 is upstream from reactor 
30 when considered in light of the direction of hydrocarbon flow, and in Figure 2, reactor 52 is upstream of reactor 54, 
and reactor 50 is upstream of both reactors 52 and 54, also when considered in connection with the direction of hy- 
drocarbon flow. Thus, as used herein, an upstream reactor is a reactor which is upstream as it relates to hydrocarbon 
flow. 

[0023] In accordance with the present invention, the hydrodesulfurization steps to be carried out are accomplished 
by contacting or mixing the hydrocarbon feed containing sulfur with a hydrogen gas-containing phase in the presence 
of a hydrodesulfurization catalyst and at hydrodesulfurization conditions whereby sulfur species within the hydrocarbon 
convert to hydrogen sulfide gas which remains with the hydrogen gas phase upon separation of liquid and gas phases. 
Suitable catalyst for use in hydrodesulfurization processes are well known to a person of ordinary skill in the art, and 
55 selection of the particular catalyst forms no part of the present invention. 

[0024] In connection with the gas phase, suitable gas contains hydrogen as desired for the hydroprocessing reaction. 
This gas may be substantially pure hydrogen or may contain other gases, so long as the desired hydrogen is present 
for the desired reaction. Thus, as used herein, hydrogen-containing gas includes substantially pure hydrogen gas and 
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other hydrogen-containing streams. 

[0025] Turning now to Figure 1 , a hydrodesulfurization process in accordance with the present invention is schemat- 
ically illustrated. 

[0026] As shown, the process is carried out in a first stage 10 and a second stage 12, so as to provide a final 
hydrocarbon product having acceptably low content of sulfur. 

[0027] As shown, first stage 1 0 is carried out utilizing a first reactor 1 4 to which is fed a hydrocarbon feed 16 containing 
an initial amount of sulfur. Feed 1 6 is combined with a hydrogen-containing gas 1 8 and fed cocurrently through reactor 
14 such that cocurrent flow of hydrocarbon feed 16 and gas 18 in the presence of hydrodesulfurization catalyst and 
conditions converts sulfur species within the hydrocarbon into hydrogen sulfide within the product 20 of reactor 14 
Product 20 is fed to a liquid gas separator 22 where a predominately hydrogen and hydrogen sulfide containing gas 
phase 24 is separated from an intermediate product 26. Intermediate product 26 has a reduced sulfur content as 
compared to hydrocarbon feed 16, and is fed to second stage 12 in accordance with the present invention for further 
treatment to reduce sulfur content. 

[0028] As shown, second stage 1 2 preferably includes a plurality of additional reactors 28, 30, which are connected 
insenesfortreating intermediate product26 as will be further discussed below. As shown, reactor28 preferably receives 
intermediate hydrocarbon feed 26 which is mixed with a recycled hydrogen gas 31 and fed cocurrently through reactor 
28. Product 32 from reactor 28 is then fed to a liquid gas separator 34 for separation of a predominately hydrogen and 
hydrogen sulfide containing gas phase 36 and a further treated liquid hydrocarbon product 38 having a sulfur content 
still further reduced as compared to intermediate hydrocarbon feed 26. Hydrocarbon feed 38 is then fed to reactor 30 
combined w.th an additional hydrogen feed 40 and fed cocurrently with hydrogen feed 40 through reactor 30 to ac- 
comphsh still further hydrodesulfurization and produce a final product 42 which is fed to a separator 44 for separation 
of a gas phase 46 containing hydrogen and hydrogen sulfide as major components, and a final liquid hydrocarbon 
product 48 having substantially reduced sulfur content. 

[0029] In accordance with the present invention, gas phase 46 is recycled for use as recycled gas 31 such that gas 
flowing through the reactors of second stage 12 is globally countercurrent to the flow of hydrocarbon through same 
Considering the flow of hydrocarbon from reactor 28 to reactor 30, it is readily apparent that reactor 28 is an upstream 
reactor and reactor 30 is a final reactor of second stage 1 2. It should of course be appreciated that additional upstream 
reactors could be included in second stage 12 if desired, and that second stage 12 preferably includes at least two 
reactors 28, 30 as shown in the drawings. However, it is a particular advantage of the present invention that excellent 
results are obtained utilizing the first and second stages as described above with a like number of reactors as are 
currently used in conventional processes, thereby avoiding the need for additional equipment and space 
[0030] It should also be appreciated that although Figure 1 shows reactors 1 4, 28 and 30 as separate and discrete 
reactors, the process of the present invention could likewise be carried out by defining different zones within a collec- 
tively arranged reactor, so long as the zones are operated with flow of feed and gas as described above for the first 
and second stages, with local cocurrent flow through each zone of both stages and globally countercurrent flow throuqh 
the at least two zones of second stage 12. 

[0031] Turning now to Figure 2, a further embodiment of the present invention is illustrated. 
[0032] As shown, first stage 10 includes a single reactor 14 in similar fashion to the embodiment of Figure 1 
[0033] Second stage 12 in this embodiment includes reactors 50, 52, and 54, and each reactor is operated in a 
similar fashion to the second stage reactors of the embodiment of Figure 1 so as to provide a single cocurrent stage 
in first stage 1 0 and a globally countercurrent, locally cocurrent process in second stage 12. Thus, feed 56 and fresh 
hydrogen-containing gas 58 are fed cocurrently to reactor 14 so as to produce product 60 which is fed to separator 62 
to produce an intermediate liquid hydrocarbon product 64 and gas phase 66 containing hydrogen and hydrogen sulfide 
as major components. Intermediate hydrocarbon product 64 is then fed to second stage 12, where it is mixed with 
recycled gas 68 and fed cocurrently through reactor 50 to produce product 70 which Is fed to separator 72 Separator 
72 separates a further intermediate liquid hydrocarbon product 74 and a gas phase 76 containing hydrogen and hy- 
drogen sulfide as major components. 

[0034] Intermediate hydrocarbon product 74 is then combined with recycled hydrogen 78 and fed to reactor 52 
cocurrently so. as to produce a further intermediate product 80 which is fed to separator 82 for separation of a further 
liquid hydrocarbon feed 84 and a gas phase 86 containing hydrogen and hydrogen sulfide as major components which 
are advantageously fed to upstream reactor 50 as recycled gas 68'. Hydrocarbon product 84 is then advantageously 
combined with a fresh hydrogen feed 88 and fed to last reactor 54, cocurrently, for further hydrodesulfurization so as 
to provide product 90 which is fed to separator 92 for separation of hydrocarbon liquid phase 94 and gas phase 96 
containing hydrogen and hydrogen suffide as major components. Advantageously, gas phase 96 is fed to upstream 
reactor 52 and recycled as recycled gas 78 for use in that process, while liquid phase 94 can be treated as a final 
product, or alternatively can be treated further as discussed below. 

[0035] In accordance with the present invention, a hydrodesuffurization catalyst is present in each reactor and each 
successive hydrocarbon product has a sulfur content reduced as compared to the upstream hydrocarbon feed. Further, 
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the final hydrocarbon product has a final sulfur content which is substantially reduced as compared to the initial feed, 
and which is advantageously less than or equal to about 10 wppm so as to be acceptable under new regulations from 
various Government agencies. 

[0036] Further, it should be readily apparent that second stage 12 of the embodiment of Figure 2 is globally coun- 
5 tercurrent, as with the embodiment of Figure 1 . Specifically, hydrocarbon is fed from reactor 50 to reactor 52 and finally 
to final reactor 54, while gas phase is fed from reactor 54 to reactor 52 and finally to reactor 50. This provides for the 
advantages of a globally countercurrent process : while avoiding flooding problems which could occur with locally coun- 
tercurrent processes. 

[0037] Still referring to Figure 2, it may be desirable to feed gas phases 66 and 76 to a low temperature separator 
10 98 which operates to remove volatile hydrocarbon product 100, which can be recycled back as additional feed 56 for 
further treatment in accordance with the process of the present invention, with a purge stream 101 also as shown. Low 
temperature separator 98 also separates a gas phase 102 which can advantageously be mixed with final product 94 
and fed to a final separator 104 so as to obtain a further treated final hydrocarbon product 106 and a final gas phase 
108 containing hydrogen and the bulk of removed sulfur. Product 106 can be further treated for enhancing various 
'5 desired qualities as a hydrocarbon fuel : or can be utilized as hydrocarbon fuel without further treatment, since the sulfur 
content has been advantageously reduced to acceptable levels. 

[0038] Final gas phase 108 can advantageously be fed to a stripper or other suitable unit for removal of hydrogen 
sulfide to provide additional fresh hydrogen for use as hydrogen feeds 58 or 88 in accordance with the process of the 
present invention. 

[0039] It should readily be appreciated that Figures 1 and 2 further illustrate a system for carrying out the process 
in accordance with the present invention. 
[0040] Typical feed for the process of the present invention includes Diesel, gasoil and naphtha feeds and the like. 
Such feed will have an unacceptabry high sulfur content, typically greater than or equal to about 10 wppm. The feed 
and total hydrogen arc preferably fed to the system at a global ratio of gas to feed of between about 500 scfb and 
25 about 4000 scfb (std. cubic feet/barrel). Further, each reactor may suitably be operated at a temperature of between 
about 300°C and about 420°C, and a pressure of between about 400 psi and about 1500 psi. 
[0041 ] In accordance with the present invention, it should readily be appreciated that catalyst volume and gas streams 
are distributed between the first zone and the second zone. In accordance with the present invention, the most suitable 
distribution of gas catalyst is determined utilizing an optimization process. It is preferred, however, that the total catalyst 
30 volume be distributed between the first zone and the second zone with between about 20 and about 80% volume of 
the catalyst in the first zone and between about 80 and about 20% volume of the catalyst in the second zone. Further, 
as discussed above, the total hydrogen is fed to the system of the present invention with one portion to the first zone 
and the other portion to the final reactor of the second zone. It is preferred that between about 20 and 70% volume of 
the total hydrogen for the reaction be fed to the first zone, with the balance being fed to the final reactor of the second 
35 zone. 

[0042] It should be noted that as with all hydrodesulfurization processes, the hydrodesulfurization catalyst will grad- 
ually lose effectiveness over time, and this can be advantageously countered in the process of the present invention 
by increasing gas flow rate if desired. This is possible with the process of the present invention because locally cocurrent 
flow is utilized, thereby preventing difficulties associated with flooding and the like in locally countercurrent processes. 

io [0043] It should also be appreciated that the process of the present invention can advantageously be used to reduce 
sulfur content of naphtha feed. In such processes., condensers would advantageously be positioned after each reactor, 
rather than separators, so as to condense the reduced sulfur naphtha hydrocarbon product while maintaining the gas 
phase containing hydrogen and hydrogen sulfide as major components. In all other respects, this embodiment of the 
present invention will function in the same manner as that described in connection with Figures 1 and 2. 

45 [0044] Turning now to Figure 3, and as set forth above, the process of the present invention combining in a hybrid 
fashion a first stage purely cocurrent reaction and a second stage which is globally countercurrent and locally cocurrent 
advantageously provides for operation of the reactors at reduced temperatures as compared to countercurrent proc- 
esses. Figure 3 illustrates temperature as a function of dimensionless reactor length for a typical cocurrent process, 
for a countercurrent process, and for a hybrid process in accordance with the present invention. As shown, the tem- 

50 perature in the countercurrent process is substantially higher than the hybrid process of the present invention, with the 
result that the catalyst of the hybrid process of the present invention is subjected to less severe and damaging condi- 
tions. 

[0045] In accordance with the present invention, improved results are obtained using the same amounts of catalyst 
and hydrogen as a conventional countercurrent or cocurrent process. In accordance with the present invention, how- 
ever, the hydrogen feed is divided into a first portion fed to the first stage and a second portion fed to the second stage, 
and the catalyst volume is also divided between the first stage and second stage, which are operated as discussed 
above, so as to provide improved hydrodesulfurization as desired. 

[0046] As set forth above, one particularly advantageous hydrocarbon feed with which the process of the present 
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invention can be used is a gasoil feed. In a typical application, a reactor can be provided having a reactor diameter of 
about 3 .8 meters, a reactor length of about 20 meters, and a cocurrent feed of hydrogen to gasoil at a ratio of hydrogen 
gas to gasoil of about 270 Nm3/ m 3, a temperature of about 340*C, a pressure of about 750 psi and a liquid hourly 
space velocity (LHSV) through the reactor of about 0.4 Ir*. 

[0047] The gasoil may suitably be a vacuum gasoil (VGO) an example of which is described in Table 1 below. 

TABLE 1 



API gravity (60°C) 


17.3 


Molecular weight (g/mol) 


418 


Sulfur content, %wt 


2 


Simulated Distillation (°C) 




IBP/5, %v 


236/366 


10/20, %v 


392/413 


30/50, %v 1 


431/454 


70/80, %v 


484/501 


90/95, %v 


522/539 


FBP 


582 



[ k 1 lZ 3 feedstock ' e asy-to-react (ETR) sulfur compounds would be, for example, 1 -butylphenantrothi- 
ophene. When contacted with hydrogen at suitable conditions, this sulfur compound reacts with the hydrogen to form 
hydrogen sulfide and butylphenantrene. A typical difficult-to-react (DTR) sulfur compound in such a feed is heptyld- 
ibenzoth.ophene. When contacted with hydrogen gas under suitable conditions, this reacts to form hydrogen sulfide 
and heptylbiphenyl: 3 

[0049] It should of course be appreciated that although the above description is given in terms of hydrodesulfurization 
processes, the hybrid process of the present invention is readily applicable to other hydroprocessing systems and can 
advantageously be used to improve hydroprocessing efficiency in various different processes while reducing problems 
routinely encountered in the art. aw'uu'wns 

Example 1 

[0050] A VGO feed as described in Table 1 was used with a series of different hydrodesulfurization processes and 
conversion of sulfur compounds and sulfur in the final product were modeled for each case. The results are set 'forth 
in Table 2 below. 
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0.27 


0.09 


0.14 


0.14 


E 


322 
L=28 m 


c 

or 

cm : O 

£N tl CO CM 

& 

II -* 
tr 


PJ — ' ii 

E 


322 
L=28 
R1=R2 


322 
L=28 m 
R=60%L 
R2=R3=20%L 


CO 
CO 


L=133m 
1508 


CM 
CO 
CO 


GO" 

CO rf c: 
- ^ CVJ - CM 

S <D <y ^ 7 ^ 

CM _J II _^ II 

J cm Q 3 O 
cc cc 

oc 


%S (wt.) 


OUTLET 


0.19 


0.0256 


0.0271 


0.053 


0.016 


0.00317 


0.00313 


0.0021 


0.0162 


CONVERSION % 


tr 
i- 

Q 

CD 
Q 

CD 

o 


75.74 


98.37 


95.9 


90.259 


cr> 


99.5 


99.2 


oS 

CD 


96.4 


LU 
1- 

Li_ 

o 


94.14 


cn 
r- 

CO 

cx 


99.3 


98.99 


99.8 


99.93 


99.9 


99.9 


99.9 


Gas Flow rate 


r>~ 

E 
z 


35162 


35162 


35162 


35162 


First 26371.5 Last 8790.5 


First 26371.5 Last 8790.5 


35162 


First 26371.5 Last 8790.5 


35162 


50 


VGO Flow rate 


(BBL/D) 


2000 


20000 


20000 


20000 


20000 


20000 


20000 


20000 


20000 


55 


CASE 


CASE 1 


CASE 2 


CASE 3 


CASE 4 


CASE 5 


CASE 6 


CASE 7 


CASE 8 


CASE 9 
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where D = diameter; 

R = length of reactor; and 
L = total length. 

[0051] In Table 2, cases 5, 6 and 8 are carried out in accordance with the process of the present invention. For 
5 comparison purposes, cases 1 and 7 were carried out utilizing a single reactor through which were fed, cocurrently, 
VGO and hydrogen. 

[0052] Case 2 was carried out utilizing 20 reactors arranged for globally countercurrent and locally cocurrent flow 
as illustrated in the second stage portion of Figure 1. 

[0053] Cases 3 and 10 were also carried out utilizing globally countercurrent and locally cocurrent flow as in stage 
w 2 alone of Figure 1 . 

[0054] Case 4 was carried out utilizing two reactors with an intermediate hydrogen sulfide separation stage, and 
case 9 was carried out utilizing pure cocurrent flow, globally and locally, through three reactors. 
[0055] At the flow rates shown, results were modeled and are set forth in Table 2. 

[0056] Cases 1-5 were all earned out utilizing reactors having a volume of 322m 3 « and at the same VGO and gas 
>5 flow rates. As shown, case 5, utilizing the two stage hybrid process of the present invention, provided the best results 
in terms of conversion of sulfur compounds and sulfur remaining in the final product. Further, this substantial improve- 
ment in hydrodesulfurization was obtained utilizing the same reactor volume, and could be incorporated into an existing 
facility utilizing any configuration of cases 1-4 without substantially increasing the area occupied by the reactors. 
[0057] Case 6 in Table 2 shows that by reasonable increase in reactor volume, still further advantageous results can 
20 be obtained in accordance with the process of the present invention, and final sulfur content would satisfy the strictest 
of expected regulations in connection with maximum sulfur content, and this is accomplished through only a small 
increase in reactor volume. 

[0058] Case 7 of Table 2 shows that in order to accomplish similar sulfur content results to case 6, a single reactor 
operated in a single cocurrent conventional process would require almost 4 times the reactor volume as case 6 in 
25 accordance with the process of the present invention. 

[0059] Cases 8, 9 and 1 0 are modeled for a reactor having a volume of 962m 3 , and the hybrid process of the present 
invention (Case 8) clearly shows the best results as compared to Cases 9 and 10. 

[0060] In accordance with the foregoing, it should be readily apparent that the process of the present invention is 
advantageous over numerous alternative configurations. 

30 

Example 2 

[0061] In this example., a Diesel feed was treated utilizing several different process schemes and, sulfur compound 
conversion and sulfur content in the final product were calculated. The Diesel for this example had characteristics as 
35 follows: 



45 



50 



Diesel 


API = 27 


MW = 213 ! 


Sulfur = 1 


.10%wt 


Simulated Dislillalion(°C) 


IBP-5 


177/209 


10-20 


226/250 


30-40 


268/281 


- 50-60 


294/308 


70-80 


323/339 


90-95 


357/371 


FBP 


399 



[0062] Table 3 below sets forth the process conditions and results of each case. 
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[0063] Case 1 of Table 3 was carried out by cocurrently feeding a Diesel and hydrogen feed through a single reactor 
having the shown length and volume. 

[0064] Case 2 was carried out feeding Diesel and hydrogen globally countercurrently, and locally cocurrently, through 
20 reactors having the same total length and volume as in Case 1. 

5 [0065] Case 3 was carried out in accordance with the process of the present invention, utilizing a first single reactor 
stage and a second stage having two additional reactors operated globally countercurrently and locally cocurrently, 
with the gas flow rate split as illustrated in Table 3. As shown, the process in accordance with the present invention 
(Case 3) clearly performs better than Cases 1 and 2 for sulfur compound conversion and final sulfur content while 
utilizing a reactor system having the same volume. Case 4 is the same as Case 1 and is presented for comparison to 

10 Case 5 wherein a process in accordance with the present invention was operated to obtain the same sulfur content 
from the same reactor volume as the conventional scheme for process so as to illustrate the potential increase in 
reactor capacity by utilizing the process of the present invention. By adjusting the process to obtain substantially the 
same final sulfur content, the same reactor volume is able to provide more than double the Diesel treatment capacity 
as compared to the conventional process. 

15 

Example 3 

[0066] In this example, a process in accordance with the present invention was compared to -a globally countercur- 
renl and locally cocurrent process. Each process was utilized having 4 reaclors wilh the same catalyst, a Diesel feed, 
20 and operating at a temperature of 320°C, a pressure of 478 psi, and a ratio of hydrogen to feed of 1 04 Nm 3 /m 3 - Figure 
4 shows the results in terms of sulfur content in the final product as a function of relative reactor volume. As shown, 
the hybrid process of the present invention provides substantially improved results. 

Example 4 

25 

[0067] In this example, two processes were evaluated. The first was a process in accordance with a preferred em- 
bodiment of the present invention wherein cold separators were positioned after each reactor for recycling condensed 
vapors. For the same reactors, feed, temperature, pressure and hydrogen/feed ratio, Figure 5 illustrates the relation 
between final sulfur content and relative reactor volume for a process in accordance with the present invention using 
30 cold separators (curve 1 ), as compared to a process in accordance with the present invention without cold separators 
(curve 2). As shown, the use of cold separators provides additional benefit in reducing the final sulfur content by allowing 
sufficient hydrodesulfurization of all sulfur species, even those that go into the gas phase. 

Example 5 

35 

[0068] In this example, acomparison is presented showing final sulfur content as a function of relative reactor volume 
for a conventional cocurrent process, for a two stage process using an inter-stage stripper, and for a process in ac- 
cordance with the present invention. The feedstock, temperature, pressure and hydrogen/feed ratio were maintained 
the same, and the results are illustrated in Figure 6. As shown, the process of the present invention provides better 
•*o results in terrns of final sulfur content than either of the other two processes. 

Example 6 

[0069] In this example, the importance of the proper distribution of hydrogen feed to the first stage and second stage 
in the process of the present invention is demonstrated. 

[0070] An example is provided to evaluate hydrogen distribution using a hydrogen feed of 50% to the first stage, and 
a hydrogen feed of 50% to the last reactor of the second stage. This was compared to a case run using the same 
equipment and total gas volume, with an 80% feed to the first stage and a 20% feed to the second stage. 
[0071] Figure 7 shows the results in terms of outlet sulfur content as a function of relative reactor volume for the 
50 process in accordance with the present invention and for the 80/20 hydrogen distribution. As shown., in this instance 
the 50/50 distribution provides better results. 

Example 7 

55 [0072] In this example, the importance of the distribution of catalyst between the first and second stages is illustrated. 
A four reactor setup in accordance with the present invention, with one reactor in the first stage and three reactors 
operated globally countercurrent and locally cocurrent in the second stage was used. In one evaluation according to 
the present invention, 30% of the total catalyst volume was positioned in the first reactor and 70% of the total catalyst 
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volume was divided equally among the three reactors of the second stage. 

[0073] For comparison, the same system was operated providing 70% of total catalyst volume In the first stage, and 
30% of catalyst volume in the second stage. 

[0074] Figure 8 shows the results in terms of sulfur content as a function of relative reactor volume for the 30/70 
5 process of the present invention as compared to the 70/30 process. As shown, the process of the present invention 
provides significantly better results. 

Example 8 

10 [0075] In this example, the hydrogen partial pressure was evaluated, as a function of dimensionless reactor length, 
for a process in accordance with the present invention and for a pure cocurrent process. 

[0076] Figure 9 shows the results of this evaluation, and shows that the process in accordance with the present 
invention provides for significantly increased hydrogen partial pressure at the end of the reactor, which is desirable. 
This provides for higher hydrogen partial pressures so as to provide reacting conditions that are most suited for reacting 
'5 the most difficult-to-react sulfur species, thereby providing conditions for enhanced hydrodesulfurization, particularly 
as compared to the pure cocurrent case. 



Example 9 

[0077] In this example, a comparison is provided for temperature as a function of dimensionless reactor length for 
a pure cocurrent process, a pure countercurrent process and the hybrid process of the present invention. 
[0078] For the same reactor volume, catalyst volume and hydrogen/feed ratio, Figure 10 shows the resulting tem- 
peratures over dimensionless reactor length. As shown, the countercurrent process has the highest temperatures. 
Further, the hybrid process of the present invention is quite similar in temperature profile to that of the pure cocurrent 
process, with the exception that there is a slight decrease in temperature toward the reactor outlet. 
[0079] This is beneficial since the higher temperatures, particularly those experienced with countercurrent process, 
serve to accelerate catalyst deactivation. 



30 



35 



40 



Fxample 10 

[0080] In this example, the sulfur content as a function of relative reactor volume was evaluated for a process in 
accordance with the present invention, a pure cocurrent process and a globally countercurrent process for a VGO 
feedstock with a process using a four reactor train, with the same feedstock, and a temperature of 340°C. a pressure 
of 760 psi and a hydrogen/feed ratio of 273 NrrvVm 3 . Figure 11 shows the results of this evaluation, and shows that 
the process of the present invention performs substantially better than the pure cocurrent and pure countercurrent 
processes, especially in the range of resulting sulfur content which is less than 50 wppm. 

[0081] In accordance with the foregoing, it should be readily apparent that the process and system of the present 
invention provide for substantial improvement in hydrodesulfurization processes which can be utilized to reduce sulfur 
cement in hyorocarbon feeds with reactor volume substantially the same as conventional ones, or to substantially 
increase reactor capacity from the same reactor volume at substantially the same sulfur content as can be accomplished 
utilizing conventional processes. 

[0082] It is to be understood that the invention is not limited to the illustrations described and shown herein, which 
are oeemed to be merely illustrative of the best modes of carrying out the invention, and which are susceptible of 
modification of lorm. size, arrangement of parts and details of operation. The invention rather is intended to encompass 
all such modifications which are within its spirit and scope as defined by the claims. 



Claims 



1 . A process for hydroprocessing a hydrocarbon feedstock, comprising the steps of: 

providing a hydrocarbon feed having an initial characteristic; 
providing a first hydrogen-containing gas; 

feeding said hydrocarbon feed and said first hydrogen-containing gas cocurrently to a first hydroprocessing 
zone so as to provide a first hydrocarbon product; 

providing a plurality of additional hydroprocessing zones including a final zone and an upstream zone; 
feeding said first hydrocarbon product cocurrently with a recycled gas to said upstream zone so as to provide 
an intermediate hydrocarbon product; and 
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feeding said intermediate hydrocarbon product cocurrently with a second hydrogen-containing gas to said 
final zone so as to provide a final hydrocarbon product having a final characteristic which is improved as 
compared to said initial characteristic. 

The process according to claim 1 , wherein said initial characteristic is an initial sulfur content and said final char- 
acteristic is a final sulfur content which is less than said initial sulfur content. 

The process according to claim 2, wherein said final sulfur content is less than or equal to about 10 wppm based 
upon weight of said final product. 

The process according to claim 1 , wherein said first hydroprocessing zone is a first hydrodesulfurization zone. 

The process according to claim 1 or 4, wherein said additional hydroprocessing zones comprise additional hy- 
drodesulfurization zones. 

The process according to one of the claims 1 to 5, wherein said first hydrodesulfurization zone and said upstream 
hydrodesulfurization zone each produce a gas phase containing hydrogen sulfide hydrogen and volatile hydrocar- 
bon fractions and further comprising feeding said gas phase to a low temperature separator for separating a liquid 
phase containing said volatile hydrocarbon fractions and a gas phase containing said hydrogen sulfide and hydro- 
gen, and combining said volatile hydrocarbon fractions with said hydrocarbon feed. 

The process according to one of the claims 1 to 6.. wherein said final zone also produces a hydrogen-containing 
gas phase, and further comprising feeding said hydrogen-containing gas phase to said upstream zone as said 
recycled gas. 

The process according to one of the claims 1 to 7, wherein said first hydrogen-containing gas and said second 
hydrogen-containing gas are separate quantities of fresh hydrogen-containing gas, and wherein said recycled gas 
contains contaminant removed from said intermediate hydrocarbon product. 

The process according to one of the claims 1 to 8, wherein each of said first hydroprocessing zone and said plurality 
of additional zones contains a hydroprocessing catalyst. 

The process according to one of the claims 1 to 9, wherein said hydrocarbon feed is a Diesel feed or wherein said 
hydrocarbon feed is a gasoil feed. 

The process according to one of the claims 1 to 9, wherein said hydrocarbon feed is a naphtha feed, and further 
comprising feeding a product of said first hydroprocessing zone and said plurality of additional hydroprocessing 
zones to a condenser for providing liquid phase naphtha and gas phase hydrogen and hydrogen sulfide. 

A system for hydroprocessing a hydrocarbon feed ; comprising: 

a first hydroprocessing zone containing a hydroprocessing catalyst and having an inlet for cocurrently receiving 
a hydrocarbon feed and a first hydrogen-containing gas phase; 

a plurality of additional hydroprocessing zones each containing a hydroprocessing catalyst and including a 
final zone and an upstream zone, said upstream zone having an inlet for cocurrently receiving a hydrocarbon 
product from said first hydroprocessing zone and a recycled hydrogen-containing gas phase, said final zone 
having an inlet for cocurrently receiving a hydrocarbon product from said upstream hydroprecessing zone 
cocurrently with a second hydrogen -containing gas phase; and 

a separator for receiving a product from said final hydroprocessing zone and for separating said product into 
a hydrocarbon phase and said recycled hydrogen-containing gas phase. 

13. The system of claim 12.. wherein said first hydroprocessing zone is a hydrodesulfurization zone containing a hy- 
drodesulfurization catalyst. 

14. The system of claim 12 or 13, wherein said additional hydroprocessing zones comprise at least one additional 
hydrodesulfurization zone containing a hydrodesulfurization catalyst. 

1 5. The system of claim 1 2 or 1 4, wherein each of said first hydroprocessing zone and said additional hydroprocessing 
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zones is a hydrodesulfurization zone containing a hydrodesulfurization catalyst. 
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